In a previous study we isolated melanin-producing (mel) mutants of Vibrio cholerae and demonstrated that production of melanin during growth on solid media was stimulated by L-tyrosine and L-cysteine. In the studies reported here we analyzed factors that affected melanin production in liquid media and determined the abilities of radioactively labeled amino acids to serve as precursors for the formation of melanin by V. cholerae. Radioactivity from L-cysteine and from L-tyrosine was preferentially incorporated into partially purified melanin, providing further evidence for production of phaeomelanin by V. cholerae. Cuprous ions stimulated production of melanin by V. cholerae in defined liquid medium, but melanin formation was inhibited by high concentrations of L-cysteine or thiouracil. The inhibition of melanin formation by sulfhydryl compounds is most likely due to their ability to bind copper ions that are essential for tyrosinase activity.
In a previous study we isolated melanin-producing (mel) mutants of Vibrio cholerae and demonstrated that production of melanin during growth on solid media was stimulated by L-tyrosine and L-cysteine. In the studies reported here we analyzed factors that affected melanin production in liquid media and determined the abilities of radioactively labeled amino acids to serve as precursors for the formation of melanin by V. cholerae. Radioactivity from L-cysteine and from L-tyrosine was preferentially incorporated into partially purified melanin, providing further evidence for production of phaeomelanin by V. cholerae. Cuprous ions stimulated production of melanin by V. cholerae in defined liquid medium, but melanin formation was inhibited by high concentrations of L-cysteine or thiouracil. The inhibition of melanin formation by sulfhydryl compounds is most likely due to their ability to bind copper ions that are essential for tyrosinase activity.
Many species of bacteria and fungi have been reported to produce melanins (10, 11, 22) . Recently we described melanin-producing (mel) mutants of Vibrio cholerae and demonstrated that melanin production by such mutants during growth on solid media is stimulated by L-Cysteine and L-tyrosine (10) . Although L-cysteine can serve as a precursor for formation of the class of melanin known as phaeomelanin, there are no reports of phaeomelanin production by bacteria. Our previous study of mel mutants of V. cholerae did not establish whether the role of L-cysteine in stimulating melanin production was due to its ability to serve as a precursor of melanin, or to its ability to alter the regulation of melanin production, or both. The studies reported here accomplished several goals: (i) we developed defined liquid media suitable for production of melanin by mel mutants of V. cholerae; (ii) we identified several components of the growth medium that affect melanin production; and (iii) we used radioactively labeled amino acids, including L-cysteine and L-tyrosine, to investigate the possibility that the radioactive labels in these amino acids could be preferentially highly toxinogenic strain of the classical biotype (8). V. cholerae HV113 is a melanin-producing (mel) mutant of 569B which was obtained by mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (10) .
Media and chemicals. Syncase broth medium (SB) was prepared as previously described (7) . Syncase agar medium (SA) contained SB plus 1.5% Noble agar (Difco Laboratories, Detroit, Mich.). SA medium plus 0.1% L-tyrosine was designated STA. Syncaseyeast extract broth (10) containing 0.1% L-tyrosine was designated SYT. Liquid medium SSTG contained the same salts as Syncase medium plus 0.1% L-tyrosine and 0.5% D-glucose. Media Ml and M2 were modified from the formula for SB medium, based on the observations of Shieh and MacLean concerning defined media for melanin production by Aeromonas salmonicida (21 x g, and the supernatants were collected and sterilized by membrane filtration. The supematants were diluted 20-fold into distilled water, and the absorbance at 340 nm was measured for each sample. Production of melanin in defined liquid medium containing -cysteine. Analysis of melanin production after sequential cultivation of bacteria in two defined media was based on the methods reported by Shieh and MacLean (21) . V. cholerae strains 569B and HV113 were grown in 100-ml volumes of Ml medium at 370C with shaking until stationary phase (about 1010 colony-forming units per ml). The bacteria were collected by centrifugation at 8,000 x g for 20 min, suspended in 10-ml volumes of M2 medium supplemented with L-cysteine hydrochloride at various concentrations up to 3.3 mg/ml, and incubated with shaking at 370C for 3 days. The bacteria were then removed by centrifugation, and the supernatants were collected, sterilized by membrane filtration, and diluted 20-fold in distilled water. The absorbance at 340 nm was measured for each sample.
Production of melanin in solid media supplemented with L-cysteine. V. cholerae strains 569B and HV113 were grown to stationary phase at 370C with shaking in SB medium. The cultures were centrifuged, and the cells were washed with phosphatebuffered saline and then resuspended in phosphatebuffered saline to the original culture volumes. Drops containing 14 p1 of the 569B suspension or the HV113 suspension were streaked across plates containing STA medium or MlA medium supplemented with various concentrations of L-cysteine. The plates were incubated at 370C for 4 days, examined visually, and scored for the intensity of pigment adjacent to the streaks of confluent bacterial growth as described previously (10).
Incorporation of radioactivity from labeled amino acids into melanin in defined medium. Complete separation of bacterial melanin pigments from other cellular products has not yet been accomplished, due to the chemical heterogeneity of melanins, the covalent binding of melanins to other compounds in bacterial cultures, and the tendency of melanins to copurify with some proteins. The following methods were used for production and partial purification of melanins from V. cholerae strains 569B and HV113.
Bacteria were grown to stationary phase in 100-ml volumes of Ml medium, collected by centrifugation, and resuspended in 10-ml volumes of M2 medium as described above. After the cultures were incubated at 370C with shaking at 300 rpm for 4 h, one of the following isotopically labeled amino acids was added to each culture: 3 
The cultures were incubated for an additional 66 h. The supernatants were collected as described above, filtered, and dialyzed twice for 24 h against 1-liter volumes of distilled water at 40C. The pH of the dialyzed samples was adjusted to 2.0 with HCl. After standing overnight at 40C, the brown-black precipitates were collected by centrifugation (8,000 x g for 20 min) and were washed twice with distilled water. After each wash, the precipitates were collected by centrifugation. Next, the precipitates were solubilized in 2-mil volumes of 0.5 N NaOH. The samples were neutralized with 0.5 N HCl, and the melanin was precipitated by potassium persulfate in 50% methanol by the technique of Blackberg and Wanger (4) . The precipitates were collected by centrifugation and were solubilized in 1-ml volumes of 1.0 N NaOH at 600C. Samples of 0.1 ml were dispensed onto Whatman glass fiber filter disks (2.3-cm diameter) and dried. The filters were placed in glass vials with 2.5-ml volumes (5) of scintillation cocktail consisting of 4% Liquifluor (New England Nuclear Corp., Boston, Mass.) and 96% toluene. Radioactivity was measured in a liquid scintillation counter (model LS10OC; Beckman Instruments, Palo Alto, Calif.). Measurements of radioactivity were performed with samples of the original culture supernatants, the final melanin-containing fractions, and the various fractions obtained during the purification procedure. The absorbance of each of these samples was measured at 230 nm rather than 340 nm to obtain significantly higher absorbance readings (10).
RESULTS
We reported previously that the brown-black pigment produced by mel mutants of V. cholerae shares several characteristics with the melanin pigments of other microorganisms (10) . Subsequently we observed that the V. cholerae melanin has the following additional properties: (i) it INFECT. IMMUN.
on January 11, 2018 by guest http://iai.asm.org/ Downloaded from is insoluble in amyl alcohol, chloroform, and diethyl ether, (ii) its molecular weight is heterogeneous, ranging from less than 3,500, as determined by dialysis, to greater than 400,000, as determined by gel filtration; and (iii) it is not produced until the stationary phase of bacterial growth in liquid medium.
Melanin synthesis in procaryotic and eucaryotic organisms is dependent upon tyrosinase enzymes (16, 17, 25) , which require copper as a cofactor (22, 24) , and the copper-binding compound thiouracil is a known inhibitor of tyrosinase enzymes in several systems (3, 13) . In preliminary experiments we tested the effect of added thiouracil at concentrations from 0.1 to greater than 10 mg/ml on melanin production by the mel mutant strain V. cholerae HV113 in SYT medium. Melanin production was inhibited by thiouracil at 3.3 to 10 mg/ml, and bacterial growth was inhibited by higher concentrations of thiouracil. The inhibition of melanin production decreased with decreasing concentrations of thiouracil and was negligible at 0.1 mg/ml. Since very little pigment was produced in defined medium without added copper in our earlier experiments (10) , we tested the effects of several variations in the composition of defined medium on pigment production by V. cholerae HV113 and 569B. In this manner, we established that SSTG defined liquid medium can support pigment production and that the concentration of cuprous ion is an important factor for melanin formation. The data in Fig. 1 demonstrate that addition of cuprous chloride to SSTG medium stimulated the formation of pigment by the V. cholerae mel mutant HV113 but not by 569B. The optimum concentration of cuprous chloride was 3.3 x 10-4 mg/ml (3.3 x 10-M).
Melanin production was affected by pH of the growth medium and was stimulated by alkaline pH. The Ml and M2 media described above contain optimal amounts of CuCl for melanin production and are more alkaline (pH 8.4) than SSTG medium (pH 7.6). The M2 medium remained alkaline after growth of V. cholerae HV113 or 569B under the conditions of our experiments (final pH about 8.7). We tested the effects of various concentrations of L-cysteine hydrochloride on production of pigment by V. cholerae HV113 and 569B in liquid M2 medium (Fig. 2) . Slight stimulation of pigment production by L-cysteine occurred in this medium at concentrations between 103 and 3 x 10-2 mg/ ml, but concentrations of L-cysteine hydrochloride of 0.1 mg/ml or greater inhibited pigment production dramatically. Because high concentrations of L-cysteine inhibited pigment production in liquid medium, we confirmed and ex- 'Total radioactivity in the purified melanin-containing fraction, expressed as percentage of total radioactivity added to the cultures. teine, bacterial growth was inhibited. Failure to observe inhibition ofmelanin production by high concentrations of L-cysteine in solid media sterilized by autoclaving may have been caused by oxidation of the copper-binding thiol groups of L-cysteine under these conditions. Finally, we tested various radioactively labeled amino acids as possible precursors of melanin in cultures of V. cholerae 569B and HV113 ( Table 2 ). The total absorbances of purified, melanin-containing fractions from cultures of the mel mutant HV113 were consistently greater than from cultures of the wild-type strain 569B
by an average factor of 3. 
DISCUSSION
In a previous report we demonstrated that production of melanin by mel mutants of V. cholerae was stimulated by L-tyrosine plus Lcysteine and raised the question whether both amino acids were precursors of the melanin pigment. To date, however, phaeomelanins derived from both L-tyrosine and L-cysteine have been reported only in vertebrates, specifically in the freckles (22) and hairs of mammals (20, 22) , the feathers of birds (20, 22) , and the eyes of fish (9) . This study and our previous report constitute the first evidence of which we are aware for phaeomelanin production in procaryotes.
Cysteine and other thiol-containing, copperbinding compounds have long been known to affect the enzymatic formation of melanin in other systems (1, 21, 22) . It has frequently been assumed that the primary role of such thiolcontaining compounds is to interfere with melanin formation by binding the copper ions that are required for activity of the tyrosinase enzymes that produce melanin (19, 23, 27) . It has been reported that melanin production in A. salmonicida (21) and 3,4-dihydroxyphenylalanine formation in Pseudomonas melanogenum (26) are inhibited by cysteine at concentrations of 0.2 mg/ml or higher. In contrast, cysteine can also play a structural role as a precursor for formation of the phaeomelanin pigment (14, 15) . For example, Misuraca and co-workers studied phaeomelanin synthesis by chicken embryo feather papillae cultured in vitro (15) . At concentrations of approximately 0.4 ,ug/ml, radiolabeled cysteine and tyrosine were preferentially incorporated into melanocytes. Mason and Peterson studied the chemical reactions that occurred between amino acids and quinones formed by the action of tyrosinase (14) . They demonstrated that thiol-containing compounds such as cysteine or glutathione, but not basic or neutral amino acids, could combine with indole 5,6-quinone that had been formed from oxidation of 3,4-dihydroxyphenylalanine.
In this paper we demonstrated that production of V. cholerae melanin could be strongly inhibited in liquid media containing high concentrations of L-cysteine (0.1 mg/ml or greater) or thiouracil (3.3 mg/ml or greater). We also demonstrated that pigment production by V. cholerae HV113 was stimulated by cuprous ions in a defined liquid medium. Thus, it is likely that melanin production by mel mutants of V. cholerae involves the activity of a copper-dependent tyrosinase. The data from our experiments concerning the fate of radiolabeled amino acids in cultures of V. cholerae in defined liquid medium strongly support the hypothesis that INFECT. IMMUN.
on January 11, 2018 by guest http://iai.asm.org/ Downloaded from both L-tyrosine and L-cysteine are used as precursors for synthesis of phaeomelanin by the mel mutant HV113. Thus, the data presented here and in other reports indicate that L-cysteine can have two different roles in melanin formation, depending upon its concentration. At high concentrations (greater than 0.1 mg/ml) L-Cysteine can inhibit melanin formation by binding the copper ions needed for tyrosinase activity. At lower concentrations (less than 0.1 mg/ml) L-cysteine can condense with the tyrosinase-generated quinones to produce intermediates in the formation of phaeomelanins. It remains to be seen whether other melanin-forming microorganisms can produce phaeomelanin.
It has not been established whether V. cholerae tyrosinase is a bifunctional tyrosinase that has both monophenol hydroxylase and diphenol oxidase activities (22) , or whether the enzyme has only an L-tyrosine hydroxylase activity (2) that converts tyrosine to 3,4-dihydroxyphenylalanine, which can autooxidize to melanin under alkaline conditions. In various bacteria the biochemical pathways leading to melanin formation may confer protection against toxic chemicals (6, 10, 12) , enhanced virulence (18) , and increased ability to attach to crustaceans or molluscs (R. Weiner, personal communication). It is also possible that tyrosinase in V. cholerae could be involved in the synthesis of specific ironbinding compounds that have catechol derivatives as structural components.
Relatively little research has been conducted on bacterial tyrosinase enzymes and their role(s) in bacterial metabolism or ecology. The nature and extent of the contribution that tyrosinase enzymes make to survival and persistence of V. cholerae in the external environment and in the animal host are appropriate subjects for further studies.
